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A novel experimental setup is described which allows one to obtain detailed information on
structural and dynamical changes in polymers during crystallization. This technique includes
simultaneous measurements of small angle-wide angle x-ray scattering and dielectric spectroscopy
~SWD!. The capabilities of the technique have been probed by following in real time the
crystallization process of a model crystallizable polymer: poly~ethylene terephthalate!. By
performing these experiments, simultaneous information from both, the amorphous and the
crystalline phase is obtained providing a complete description of changes occurring during a
crystallization process. The SWD technique opens up new promising perspectives for the
experimental study of the relation between structure and dynamics in materials science. © 2000
American Institute of Physics. @S0034-6748~00!01004-2#I. INTRODUCTION
Crystallizable glassy polymeric materials may develop a
certain level of crystallinity provided they are heated at tem-
peratures above the glass transition temperature (Tg). In a
typical isothermal crystallization process of an initially
glassy polymeric system, crystallinity evolves in a sigmoidal
fashion.1–3 After an initial induction time, where no crystal-
linity development is observed, a primary crystallization pro-
cess takes place where so-called spherulites or other morpho-
logical units grow until they completely fill the material.1
Subsequently, a secondary crystallization regime is achieved
where the crystallization rate is strongly reduced.
The spherulitic microstructure of semicrystalline poly-
mers typically shows a distinct lamellar morphology consist-
ing of stacks of laminar crystals intercalated by amorphous
less ordered regions. The nature of the distribution of the
crystalline regions may give rise to the appearance of differ-
ent morphologies.2–4 The lamellar stacks are characterized
by the thickness of the crystals (lc) and that of the amor-
phous layers (la). Both characteristic lengths define the long
period as L5la1lc which can be experimentally determined
through small angle x-ray scattering experiments ~SAXS!.5
The crystalline fraction in the lamellar stacks is defined by
XcL5lc /(la1lc) and can be estimated experimentally by
SAXS measurements.5 The overall crystalline fraction Xc
can be estimated experimentally from wide angle x-ray scat-
tering measurements ~WAXS!. In the case of space filling
lamellar stack systems XcL5Xc . Another important param-
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grated SAXS intensity defined by
Q}XcL~12XcL!~rc2ra!2, ~1!
where rc and ra are the electronic densities of crystalline
and amorphous phase, respectively. In order to obtain a pre-
cise information about the changes occurring in a polymeric
system during crystallization, a real time experimental setup
is of crucial importance.6 As far as microstructure develop-
ment is concerned, high intensity synchrotron radiation of-
fers the possibility to perform simultaneous, real time SAXS
and WAXS.6 An improvement in the understanding of the
correlation between microstructure and crystal development
is obtained when both experiments are performed
simultaneously.7,8 Owing to the fact that both, SAXS and
WAXS, are based on x-ray diffraction they provide informa-
tion about the structure of the ordered regions at different
length scales. At the same time, processes occurring in the
amorphous fraction of the material are ‘‘invisible’’ for these
techniques due to the absence of order. From the point of
view of the amorphous phase, dielectric spectroscopy experi-
ments ~DS! have shown that, upon crystallization, its dynam-
ics is strongly affected by the progressive development of the
crystalline phase.9–12 Hence, if one would monitor simulta-
neously, in real time, both, the microstructure development
and the dynamic changes occurring in the amorphous phase,
a more complete picture of the crystallization process could
be obtained.
In this article we present, according to the foregoing
concepts, the development of the experimental setup which
has allowed one to perform simultaneous measurements of
time resolved SAXS, WAXS, and DS. After a description of
the experimental setup, the performance of the SAXS–
WAXS–DS technique will be illustrated with the results ob-3 © 2000 American Institute of Physics
to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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of poly ~ethylene terephthalate! ~PET! which can be consid-
ered as a model crystallizable polymer.
II. DESCRIPTION OF THE EXPERIMENTAL SETUP
FOR SIMULTANEOUS MEASUREMENT OF
WAXS, SAXS, AND DS
Generally, the dielectric spectroscopy technique mea-
sures the complex dielectric permittivity e*5e82ie9 as a
function of frequency and temperature, where e8 is the di-
electric constant and e9 is the dielectric loss. A schematic
view of a dielectric spectroscopy experiment is shown in Fig.
1. A dielectric sample of thickness d and area A is subjected
to an alternating electric field of angular frequency v.
Through measurements of the complex impedance of the
sample it is possible to experimentally determine e*.13 Di-
electric spectroscopy is a very suitable method to study mo-
lecular dynamics in polymers above Tg . In this case, seg-
mental motions of the polymeric chains give rise to the so
called a-relaxation process, which can be observed as a
maximum in e9 and a step-like behavior in e8 as a function of
frequency as illustrated in Fig. 2~a! for PET and in Fig. 2~b!
for a copolymer of poly ~hydroxybutyrate! and poly~hy-
droxyvalerate! P~HB!–co–P~HV! ~78/22!. Both, the inten-
sity of the a relaxation, emax9 , and the frequency of maximum
loss Fmax are very sensitive to crystallinity, which produces a
decrease in emax9 and a shift of Fmax towards lower values
when crystallization proceeds.9–12
A scheme of the SAXS–WAXS–DS sample holder, to
be called SWD, is illustrated in Fig. 3. Sample ~1! is placed
between two metallic disks ~3! ~3 cm diameter! acting as
electrodes. These are electrically insulated by polyamide
films ~5! from the heating blocks ~4!. Heating power is
provided by four cartridge heating-elements ~6! ~Watlow
‘‘firerod,’’ 100 W each! embedded in the sample-cell heating
blocks ~4!. In order to allow the passage of the x-ray beam
through the sample, central holes were machined in both, the
electrodes and in the heating blocks ~see Fig. 3!. The sample,
prepared in the form of a film, is provided with circular gold
electrodes ~3 cm diameter! by sputtering the metal in both
free surfaces. The sample film was sandwiched between two
thin aluminum disks ~2! ~0.01 cm thick! in order to provide
homogeneous heating for the whole sample surface. The
FIG. 1. Schematic view of a typical dielectric spectroscopy experiment. ~1!
Electrodes of area A, ~2! sample film of thickness d, ~3! current analyzer, ~4!
voltage analyzer, and ~5! alternating voltage generator.Downloaded 15 Feb 2010 to 161.111.180.191. Redistribution subject sandwich is placed in between the two metallic electrodes
~3!. Cooling of the device can be obtained by compressed air
circulating through a metallic pipe ~7! embedded in one of
the sample-cell heating blocks. Temperature control is pro-
vided by a Watlow series 96 closed-loop temperature con-
troller achieving a temperature accuracy of 60.25 °C. A
thermometer ~8! ~PT-100, three wire connection setup! was
located in one of the metallic electrodes. Electrodes are con-
nected to a Hewlett-Packard impedance analyzer HP 4192A
allowing to measure dielectric complex permittivity ~e*! in
the 103 – 106 Hz frequency range. Although other type of im-
FIG. 2. Dielectric loss, e9, and dielectric constant, e8, as a function of
frequency, F5v/(2p), for ~a! amorphous PET at T596 °C and ~b! semi-
crystalline P~HB!–co–P~HV! copolymer at T530 °C. Solid symbols: mea-
surement performed with a NOVOCONTROL equipment, open symbols:
SWD experimental data.
FIG. 3. Scheme of the SAXS–WAXS–DS cell. ~1! Sample, ~2! aluminum
disks, ~3! electrodes, ~4! heating blocks, ~5! insulating polyamide film, ~6!
heating elements, ~7! cooling pipes, and ~8! PT-100 thermometer.to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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are also suitable for conventional dielectric spectroscopy,14
we choose the earlier mentioned one in order to reduce the
data acquisition time over the three frequency decades to be
lower than 30 s. This assures the performance of dielectric
measurements during crystallization in real time.11,12 In order
to test the performance of the SWD cell measurements were
accomplished in different polymers by using a commercial
dielectric spectrometer ~Novocontrol BDS 810!. Results
were compared to those obtained by the SWD cell and are
shown in Fig. 2 for ~a! PET and ~b! P~HB!–co–P~HV!.15 As
one sees, the agreement between both measurements is sat-
isfactory.
The SWD cell is incorporated into a vacuum chamber
specially designed to perform x-ray scattering measurements
with synchrotron radiation. Simultaneous SAXS, WAXS,
and DS experiments were performed in the Polymer beam
line at HASYLAB ~DESY! in Hamburg by using the device
designed by Bark and Zachmann.8 A scheme of such a de-
vice incorporating the SWD cell is presented in Fig. 4. This
system uses two position sensitive Gabriel detectors. Closer
to the sample, the WAXS detector ~4! is positioned off the
primary beam allowing the SAXS intensity to pass above
and to be measured by the SAXS detector ~3! located at a
larger distance ~2.35 m!. The complete optical path ~6! is
under rotatory pump vacuum. X-ray scattering data are cor-
rected for fluctuations in the intensity of the primary beam
and background. The x-ray data can be taken with different
accumulation times by using an acquisition system based on
CAMAC hardware and modulator software.16 The DS data
taken by the dielectric analyzer are collected by an IEEE-
interface interconnected with a PC.
FIG. 4. Scheme of the experimental setup for simultaneous SAXS–
WAXS–DS experiments at polymer beam line A2 at HASYLAB–DESY.
~1! SAXS–WAXS–DS sample cell, ~2! vacuum chamber, ~3! SAXS detec-
tor, ~4! WAXS detector, ~5! Beam stop, and ~6! vacuum evacuated optical
path.Downloaded 15 Feb 2010 to 161.111.180.191. Redistribution subject III. SIMULTANEOUS SAXS, WAXS, AND DS
MEASUREMENTS DURING CRYSTALLIZATION OF A
MODEL POLYMER: PET
In order to test the performance of the SWD cell, we
selected a commercial sample of PET ~Rhodia S80 from
RhodiaSter-Rhoune Poulenc! which is considered as a suit-
able model polymer for the study of polymer
crystallization.10 A glassy PET specimen was obtained by
press molding and quenching of the original sample in ice
water from the molten state. PET, like many other glassy
polymers, can develop a certain degree of crystallinity pro-
vided it is heated at T.Tg575 °C. Figure 5 presents
SAXS–WAXS–DS data during a crystallization experiment
at Tc5116 °C taken in a simultaneous fashion for different
crystallization times tc . The SAXS~a!, and WAXS~b! inten-
sities are given as a function of the scattering vector s
5(2/l) sin u, 2u being the scattering angle. Every pattern
was recorded with an acquisition time of 1 min. The e9 data
from DS are presented as a function of frequency @F
5v/(2p)# . The initial amorphous state, tc51 min, is char-
acterized by an amorphous halo in the WAXS diagram, a
continuous scattering decreasing with s in the SAXS pattern,
due to the liquid-like state, and by the presence of the a
relaxation process centered around a Fmax value of
43105 Hz in the DS data. The absolute error in e9, repre-
sented in selected data for the sake of clarity, was obtained
from an average over several experiments. As time increases,
the onset of crystallization is denoted by the incipient ap-
pearance of Bragg peaks in the WAXS patterns centered
around s50.188, s50.202, s50.266, and s50.300 Å21
characteristics of the 01¯1, 010, 11¯0, and 100 reflections of
the triclinic unit cell of PET. In the SAXS pattern it is ob-
served an increase of the scattered scattering at lower s val-
ues that develops into a well defined peak centered around a
value of s50.01 Å21. The earlier mentioned structural fea-
tures are accompanied by the changes in the dynamics of the
amorphous phase @see Fig. 5~c!#. Here, the a relaxation ex-
hibits with crystallization time a decrease of its intensity and
a shift towards lower frequencies of Fmax .
A summary of the changes of the earlier mentioned char-
acteristic magnitudes is presented in Fig. 6. The long period
values ~L! calculated from the Lorenz corrected SAXS inten-
sity (Is2),5 the integrated intensity of the 100 peak (Ac) as
described elsewhere,15 and the Lorentz corrected integrated
SAXS intensity ~Q! are presented in the upper part of Fig. 6.FIG. 5. Simultaneous SAXS ~a!,
WAXS ~b!, and DS ~c! experiment
during crystallization of initially amor-
phous PET at Tc5116 °C. Different
symbols correspond to different crys-
tallization times: ~d! tc51, ~s! tc
55, ~j! tc510, ~h! tc515, ~m! tc
520, ~n! tc525, ~.! tc530, ~,! tc
550, and ~l! tc5100 min.to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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electric experiment ~emax9 and Fmax! are also shown as a func-
tion of the crystallization time (tc). As far as the x-ray scat-
tering data is concerned, it is seen that for tc,20 min L
significantly decreases and both, Xc and Q increase. This
behavior is characteristic for the primary crystallization
process1,4 where spherulitic structures develop. At longer
times, L, Xc , and Q slow down their time dependence. The
latter behavior is characteristic of the secondary crystalliza-
tion process where the spherulites already fill in the sample
volume.1,4 At this stage, crystallization may further proceed
through other mechanism.4 The earlier features provide in-
formation about changes occurring in the crystalline phase.
In our experiment ~using the SWD cell!, this information can
be complemented with that provided by the DS experiments
which are sensitive to changes of the amorphous phase. On
one hand, Fig. 6~b! shows that the intensity of the a relax-
ation initially decreases with tc until about 20 min and sub-
sequently remains constant. On the other hand, Fmax slightly
varies until tc520 min and subsequently dramatically de-
creases reaching a plateau for longer times. This behavior is
in agreement with previous dielectric experiments.9,11 From
the simultaneous SWD experiments a clear relationship be-
tween structure and dynamics emerges as evidenced by the
following points: ~i! the initial (tc,20 min) strong reduction
of the mobile material reflected by the decrease on emax9 par-
FIG. 6. Summary of physical magnitudes obtained from the SWD experi-
ment. ~a! Long spacing L ~n!, area of the characteristic reflection 100 Ac
~d! and SAXS integrated intensity Q ~s! as a function of crystallization
time (tc). ~b! Maximum loss value emax9 ~d! and frequency of maximum
loss Fmax ~s! as a function of tc .Downloaded 15 Feb 2010 to 161.111.180.191. Redistribution subject allels the increase of crystallinity and invariant Q, and the
simultaneous decrease of long spacing. ~ii! During this initial
period, the remaining mobile material does not significantly
change its dynamics as reflected by the moderate variation
observed in Fmax . ~iii! At the crossover time tc’20 min,
where primary crystallization finishes, Fmax exhibits a no-
table decrease indicating the onset of restrictions in the dy-
namics of the remaining mobile fraction. The analysis of the
experimental results obtained by the SWD technique on dif-
ferent polymers and crystallization conditions is in progress.
The implication of the information obtained by this novel
technique on the crystallization process of polymers will be
the subject of a separate publication.17
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